Abstract-Flashover behaviour of silicone rubber insulators were analysed under contaminated conditions in this paper. The modified IEC 60507 Standard was used to simulate pollution deposition on the insulator surface. Experiments were carried out at different pollution level and changing leakage distances to investigate the behaviour of silicone rubber insulators. It was shown experimentally that flashover voltage is highly dependent on pollution level and leakage distance. The result of this study can be used to investigate the ageing of silicone rubber insulators and their selection for contaminated and wet environments.
I. INTRODUCTION
Power outages due to contamination on outdoor insulators are a major concern for power transmission and distribution industry. High voltage insulators are used extensively in transmission lines and substations in various environmental conditions [1] . As these conditions are different from a region to another, high voltage insulators should withstand any electrical and mechanical stresses they are subjected to. The design and selection of outdoor insulators for overhead transmission lines is to a large extent based on their performance under contaminated and wet conditions [2, 3] . Under contaminated conditions HV insulators are most vulnerable to external flashover. These contaminants can range from sea-salt to fertilizers, fly ash to cement dust, exhausts from factories and vehicles to chemicals used for deicing streets [1] .
During rain, at night or in the morning when cold fog is there, the contaminant layer formed on the insulator surface becomes wet and the surface conductivity increases. This causes increasing leakage current, formation of dry bands, initiation of partial discharge and under certain conditions, may lead to flashover and possibly power outage [4, 5] .
Silicone rubber insulators have been extensively used in power industry since the last few decades due to their superior performance in polluted conditions as compared to ceramic insulators. Although polymeric insulators have the advantage of light weight, easy handling and hydrophobic characteristics, their ageing is unavoidable due to their organic nature. Various environmental conditions like wet pollution, rain, ultraviolet radiation, surface heating and moisture speed up the ageing process of polymeric insulators [6] .
Flashover process was first investigated by Obenaus [7] but he only introduced the computational steps involved in the flashover process. Obenaus assumed that flashover only occurs if the insulator is completely bridged by the arc without extinguishing. Most mathematical models for pollution flashover are based on the Obenaus model, which consists of an arc in series with a residual resistance. To determine the flashover voltage accurately, the calculation of residual resistance is of high importance. Residual resistance calculation is a very complex task due to the irregular shape of real insulators and the non-uniformity of the pollution layer. Wilkins modelled the pollution layer resistance while considering that the arc root is in contact with the pollution surface [8] . Many researchers have investigated the flashover process of polluted insulators mathematically and experimentally [8] [9] [10] [11] . Due to the hydrophobic nature of polymeric insulators, the flashover process is different than porcelain and glass insulators and special attention is required to investigate it in laboratory. A new method based on IEC 60507 [13] was proposed in [12, 14] for the application of artificial pollution on polymer insulators. It requires preconditioning with dry powder to make it hydrophilic.
In this study, the solid layer method based on the modified IEC 60507 Standard [12, 14] was used to pollute samples in the laboratory. Four samples of light, medium, heavy and very heavy pollution were prepared. Volume conductivity of the pollution suspension was set according to Table III of IEC 60507 [13] corresponding to light, medium, heavy and very heavy pollution and given in Table I .
Tests were carried out on 8 cm long, 4 cm wide and 6 mm thick plate samples of silicone rubber to measure flashover voltage and leakage current under different pollution severity levels and leakage distance. Section II of this paper is dedicated to the experimental setup, whereas experimental results are discussed in Section III. Section IV and V are concerned with the discussions and conclusions respectively.
II. EXPERIMENTAL SETUP
A simplified test arrangement shown in Fig.1 was chosen to carry out the experiments. Four samples were prepared with light, medium, heavy and very heavy pollution severity levels. Each sample was 8 cm long, 4 cm wide and 6 mm thick. AC voltage was supplied by a 10kVA, 0-100kV, and 50Hz transformer. Voltage can be increased manually or automatically at a rate of 1kV/s. Circuit breakers and relays are used for protecting the circuit in the case of flashover. Two copper hemispherical electrode of radius 1.2 cm were used for the experiments. A capacitive voltage divider was also used to measure the voltage across the sample. The overvoltage was configured at 50kV and the maximum current limit was set to 400 mA. Leakage current was measured from the start of the experiments until flashover using a current transformer (Bergoz Instrument CT-C0.25-B). CT was connected to the National Instruments data acquisition system (NI USB-6008) through a BNC cable and 50 ohm termination. A LabVIEW program was designed to measure current and voltage waveforms during the experiment and save it for further processing. Voltage and current data were stored in sinusoidal as well as root means square (RMS) form. To reduce the effect of environmental changes and rate of wettability, several readings were taken for each experiment and average values are reported here. Unlike porcelain and glass insulators, there is no international standard available to pollute polymeric insulators artificially in laboratory. A modified solid layer pollution method based on preconditioning with dry powder is proposed in [12 and 14] as an alternative solution. A pollution suspension consists of kaolin, sodium chloride salt and Triton X-100 (wetting agent) was prepared in laboratory: 40 g/l of kaolin, 1g/l of Triton X-100 and an appropriate amount of sodium chloride was added in tap water to achieve volume conductivity of 1.4, 4, 8 and 16 S/m for light, medium, heavy and very heavy pollution respectively. Preconditioning was performed by applying dry kaolin to the insulator surface using a brush to make the surface hydrophilic. Then the prepared samples were checked by wettability class to ensure that the surface was completely hydrophilic. The brushing method was used for the application of the pollution suspension to ensure a uniform pollution layer on the insulator surface. The polluted samples were kept in open air for 24 hour before performing the flashover tests. Table I shows values of volume conductivity and ESDD for light, medium, heavy, and very heavy pollution levels. These values are derived from Table III of IEC 60507 [13] . 
8 Very heavy
Exposed to sea spray, deserts, dense industrial areas
16
III. EXPERIMENTAL RESULTS Experiments were carried out to investigate the performance of silicone rubber insulators under wet and contaminated conditions. The modified solid layer method was used for pollution application and four different pollution suspensions for the light, medium, heavy and very heavy pollution levels were prepared. Volume conductivities and corresponding ESDD values of the pollution suspensions are given in Table I . After the application of pollution, the samples were energised to measure the leakage current and voltage until flashover occurrence. Effect of leakage distance on the flashover voltage and current was also analysed by varying the leakage distance from 1 to 8 cm. A sinusoidal waveform of leakage current is shown in Fig.2 . It can be seen from the graph that there was a very slight increase in leakage current before partial arc starts. Table II shows the average voltage and current during flashover. To compare the performance under different pollution conditions, experiments were carried out for clean and dry, clean and wet, light, medium, heavy and very heavy polluted samples. Fig.2 Leakage current before and during flashover Figure 3 shows that flashover voltage of a clean and dry sample is much higher than that of a heavily polluted sample. In the case of clean and wet surfaces, flashover voltage is higher than that of polluted samples but lower than that of dry samples. Similarly, Fig. 4 shows the relation between average leakage current and pollution severity level. As wetting rate and pollution conductivity increase, surface resistivity decreases and leakage current increases, as seen in Fig. 4 . To investigate the effect of leakage distance and pollution severity, experiments were carried on a sample with medium pollution. Distance between the electrodes was varied from 1 to 8 cm with 1 cm steps and voltage was increased until flashover occurred. Figure 5 shows the change in flashover voltage with changing leakage distance for a medium polluted sample. It was observed that flashover voltage increase with increase in leakage distance. Same trend was observed for leakage current and shown in Fig. 6 . Values for average leakage current and flashover voltages are shown in Table III . IV. DISCUSSION To study the performance of silicone rubber insulators under wet and contaminated conditions, experiments were carried out at different pollution severity levels and leakage distances to measure flashover current and voltage. Changes in flashover voltage and leakage current with changes in pollution severity levels were observed during the experiments. It was observed that during flashover, the arc bridged both electrodes which reduced the surface resistance significantly and increased leakage current. Experimental results showed that flashover voltage and leakage current are highly dependent on pollution severity and leakage distance. Flashover voltage decreases with increase in pollution severity while leakage current increases with increase in pollution severity. The flashover voltage decreased from 27.5 kV to 5.9 kV from a clean and dry sample to a very heavily polluted one. Similarly, the leakage current increased from 70.8 mA to 136.2 mA with increase in pollution severity. Changes in leakage distance also affect the flashover behaviour of silicone rubber insulators and it was noted that both current and voltage increase with increase in leakage distance.
V. CONCLUSION Experiments were carried out on silicone rubber samples to investigate their flashover performance under dry, wet and polluted conditions using the modified solid layer method. It was found that flashover voltage is greatly affected by pollution severity and leakage distance. Leakage current along the insulator surface was also greatly affected by pollution severity. It was also noted that flashover voltage increases with increase in leakage distance. Dry band formation was observed in all cases but were not analysed in this work. In future work, however, it is intended to analyse arc propagation along the insulator surface and measure arc temperature and electron density at different pollution levels with the use of optical emission spectrometer.
